Reproductive Timing Alters Population Connectivity in Marine Metapopulations  by Carson, Henry S. et al.
Reproductive Timing AltersCurrent Biology 20, 1926–1931, November 9, 2010 ª2010 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2010.09.057Report
Population
Connectivity in Marine MetapopulationsHenry S. Carson,1,* Paola C. Lo´pez-Duarte,1
Linda Rasmussen,1 Dexiang Wang,2 and Lisa A. Levin1,*
1Integrative Oceanography Division, Scripps Institution
of Oceanography, La Jolla, CA 92093, USA
2State Key Laboratory of Marine Environmental Science,
Xiamen University, Xiamen 361005, China
Summary
Populations of most marine organisms are connected by the
dispersal of larval stages, with profound implications for
marine conservation [1]. Because of the extreme effort
needed to empirically measure larval exchange, multispe-
cies conservation efforts must estimate connectivity by
extrapolation using taxonomy, adult distribution, life
history, behavior, or phenology. Using a 6-year record of
connectivity realized through trace-elemental fingerprinting
of larval shells, we document the seasonal and interannual
variability of larval exchange for two congeneric mussel
species with overlapping but distinct distribution, life
history, and reproduction timing. We reveal consistent
autumn poleward movement and spring equatorward move-
ment for both species, coincident with near-shore surface
currents. However, because the major reproductive seasons
differ, the dominant source-sink dynamics of these two
congeneric species are nearly opposite. Consideration of
present and future reproductive timing as altered by climate
change is crucial to marine connectivity and conservation,
especially for the numerous coastal areas subject to
seasonal current reversals.
Results and Discussion
Populations of benthic marine organisms are primarily con-
nected through the dispersal of planktonic larval stages.
Determining the direction and distance of these dispersal
pathways is key to the persistence of marine metapopulations
and to their effective management [1]. Although it has long
been recognized that ‘‘directional’’ or ‘‘asymmetric’’ flow of
larvae from source subpopulations will affect the performance
of marine protected areas (MPAs) or other management strat-
egies [2], direct measurement of larval exchange among
subpopulations is rare because of their miniscule size and
high mortality [3].
To date, management ofmetapopulations to preserve biodi-
versity or enhance production relies on information about the
habitat and abundance of adults, sometimes combined with
numerical simulations of propagule exchange [4]. To protect
important source subpopulations for as many species as
possible, it may be necessary to extrapolate connectivity
based on taxonomy, life history, or phenology. But on which
of these criteria should this extrapolation be based?
Here we apply this question to the two dominant, structure-
forming species of mytilid mussels inhabiting the San Diego,*Correspondence: hcarson@hawaii.edu (H.S.C.), llevin@ucsd.edu (L.A.L.)California, coastline. These species share characteristics
such as general life history, overlapping adult distributions,
and pelagic larval durations (PLD) that might suggest similar
patterns of connectivity and the ability to ‘‘lump’’ the species
for management purposes. On the other hand, differences in
adult distribution (Mytilus galloprovincialis is primarily
a bay-dwelling species, whereas Mytilus californianus is
mainly an open-coast-dwelling species), spawning times, or
other characteristics (see Supplemental Experimental Proce-
dures available online) could prevent management generaliza-
tions across the genus.
Artificial tags [5] have been used to measure larval dispersal
directly with some success, but it can be difficult to mark
a sufficient number of individuals for many species. The use
of calcified structures that record chemical conditions at the
natal origin as ‘‘natural tags’’ allows the tracking of fish and
invertebrates with pelagic larvae [6]. With sufficient variability
in trace-elemental signatures imparted by different natal
environments, all individuals are effectively marked.
Studies of fish otoliths [7–9] or invertebrate larval shells
[10, 11] to infer the natal origins of larvae have all been per-
formed over 1 year or for 1 cohort, so they cannot effectively
evaluate interannual or seasonal variability. Subpopulations
that serve as sources in 1 year or seasonmaybesinks inothers.
Long-termstudies that determine the temporal stability of pop-
ulation connectivity are needed to inform a variety of manage-
ment efforts, including marine spatial planning.
We developed a 6-year data set of realized population
connectivity for two mussel species in two seasons from
2003 to 2008 to address connectivity differences between
species, seasons, and years. To assess trace-elemental
signals imparted to larval shells, we periodically outplanted
laboratory-fertilized mussel embryos in larval ‘‘homes’’ near
themajor populations of adults in San Diego County (Figure 1),
after the methods of Becker et al. [10]. By analyzing the chem-
istry of the resulting larval shells via laser-ablation inductively
coupled plasma mass spectroscopy, we created a trace-
elemental ‘‘map’’ of larval source populations. We then
collected newly settled juvenile mussels at those same sites
and analyzed the chemistry of the portions of their shells
formed during early larval dispersal. Using discriminant func-
tion analysis and maximum-likelihood estimation methods
[12], we assigned the unknown juveniles to a region or site of
origin. With the ability to estimate population connectivity
using repeated outplants during May and November, we
hypothesized that seasonal patterns would emerge over the
noise of interannual variability and that the observed connec-
tivities would correspond to simultaneous observations of
coastal ocean currents (see Supplemental Experimental
Procedures).
From May 2003 through November 2008, eight outplants
were conducted. In four cases, both specieswere successfully
outplanted, but in two Novembers (M. californianus) and two
Mays (M. galloprovincialis), only one species was outplanted
because of spawning failure of the other species (Figure 2).
Over the entire study, 1017 M. californianus recruits were
collected onshore (see Table S1). The majority (83%) were
collected during one of the November outplants (211.5
Figure 1. Map of Study Area in Southern Califor-
nia, USA
Site abbreviations are Dana Point (DP), Ocean-
side Harbor (OH), Oceanside Pier (OP), Agua He-
dionda (AH), Agua Hedionda Lagoon (AL), Cardiff
Reef (CR), Dike Rock (DR), La Jolla (LJ), Pacific
Beach (PB), Crown Point (CP), Dana Landing
(DL), Ocean Beach (OB), Cabrillo (CB), Shelter
Island (SI), Harbor Island (HI), Coronado (CO),
and Imperial Beach (IB). Sites dominated by M.
californianus are labeled with black lettering in
white boxes;M. galloprovincialis sites are labeled
with white writing in black boxes. Symbols show
the most common region membership for each
site; in M. galloprovincialis, the southern and
central coastal regions were combined. Dike
Rock, Ocean Beach, and Cabrillo shifted region
membership during some outplants. Dashed
lines are proposed and current marine reserve
boundaries in the area.
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1927recruits/sampling), with the remainder collected during the
two spring outplants (85.5 recruits/sampling). The majority
(87%) of the 780 M. galloprovincialis recruits were collected
during the four May outplants (170 recruits/sampling), as
opposed to the fall (50 recruits/sampling). These results
confirm early literature reports of seasonal spawning differ-
ences between the two species in San Diego County [13].
In each of the 12 species-specific outplants, differences in
larval shell chemistry were sufficient to differentiate among
regions with 62.5%–86.5% jackknifed assignment accuracy
(see Tables S2 and S3 and Figures S1 and S2).Mytilus califor-
nianus source sites were divided into three regions, the
northern, central, and southern coasts, on the basis of consis-
tent differences in shell chemistry, with a 77.4% average
assignment accuracy among them. Mytilus galloprovincialis
outplants were assigned to four source regions (North Coast,
Central/South Coast, Mission Bay, and San Diego Bay), and
these outplants averaged 69.7% accuracy. The past move-
ment (during the larval stage) of each recruit collected onshore
was inferred from its assignment to one of these source
regions.
Mytilus californianus recruits moved poleward at a ratio of
over 3:1 during their peak reproductive season in the fall,
whereas recruits of the bay-dwelling M. galloprovincialis
moved equatorward at a ratio of 5:1 during their spring peak
reproductive season (Figure 2). Movement north was espe-
cially strong in the 2006–2008 fall seasons forM. californianusbut was tempered by greater southern
movement in fall 2004. In both spring
study periods for M. californianus, the
main flow of larvae was southward
(53.9% of recruits), and relatively few
(11.6%) traveled north. As with M. cali-
fornianus, larvae of M. galloprovincialis
overwhelmingly moved south during
the spring outplants (47.4%, versus
only 9.6% moving north). In the two M.
galloprovincialis outplants during their
fall ‘‘off’’ season, movement south
(30.9%) and movement north (34.6%)
were balanced.
Accordingly, the southern and central
regions produced the majority of fall
recruits for both M. californianus (75.7%) and M. galloprovin-
cialis (52.6%), whereas the North County region produced
the majority of the region’s M. californianus (73.5%) and M.
galloprovincialis (75.6%) recruits in the spring (see Table S1).
Mytilus galloprovincialis self-recruitment at the regional level
was higher (42.1%) than for M. californianus (27.9%) in both
seasons, although the relationship lacked a high degree of
confidence (p = 0.0576, weighted t test).
Adult cover for each species was tested as a proxy for larval
supply. There was no statistically significant relationship
between the number of successful recruits produced by
each site and our estimates of M. californianus adult cover
there (Spearman rank correlation = 0.367, p = 0.332). The
biggest discrepancies were at Oceanside Harbor and Pier
(36.9%of county cover but 6.2%of the contribution) and Impe-
rial Beach (2.4% of adults but 18.4% of the source contribu-
tion; Table 1). Adult cover and successful recruit production
were positively related for M. galloprovincialis (Spearman
rank correlation = 0.875, p < 0.001). The top three areas for
adult cover were also the top three successful recruit
producers, although in the opposite order than expected
(Table 1). San Diego Bay, which has the majority of the
county’s adults (56.3%), produced only 10.2% of the success-
ful recruits in our study.
There were no clear seasonal or temporal trends in themean
dispersal distances for either species (see Table S4). M. cali-
fornianus larvae in San Diego County traveled 34.9 km on
Figure 2. Seasonal Population Connectivity of
Mytilus californianus and Mytilus galloprovincia-
lis in San Diego County
Percentages are the proportion of recruits that
traveled a particular pathway compared to all
recruits collected in those study periods. ‘‘In-
Seasons’’ refers to the dominant reproductive
season for that species, compared to the rela-
tively inactive ‘‘Off-Seasons.’’ Years of the rele-
vant study periods and total number of recruits
are listed in each square.
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1928average (625.3 km standard deviation), based on the shortest
seagoing distance between the origin and destination. The
mean dispersal distance for successful M. galloprovincialis
recruits was 37.0 (627.6) km, not significantly different than
that of M. californianus (t test, p = 0.137).
The directionality of larval dispersal was compared to current
measurements fromtwo locations (separate fromoutplantsites)
in the central study area (Figure 1) from 2007 to 2009. ADCP-1
(6.5 km offshore, 100 m depth) was deployed continuously
from 2007 to 2009. Seasonality in the dominant alongshore
surface current direction was observed consistently over the 3
years (Figure 3; Table S5) and concurred with the majority of
larval trajectories in the five coincident outplants (one species
in May 2007, two species each in November 2007 and 2008).
Southward currents at 4–16 m depth were observed in the
spring (mean velocity, v = 210.5 cm/s, calculated from north-
ward [+] and southward [2] velocities;meancurrentmagnitude,
jvj = 18.9 cm/s). In fall, average currents over the study periods
were northward (v = 8.2 cm/s, jvj = 25.0 cm/s). In addition to
diurnal current velocity fluctuations (up to 30 cm/s), dominant
alongshore direction reversed 1–2 times during the 14- to 21-
day periods corresponding to the PLD.
ADCP-2 (17 km north of ADCP-1 at 32 m depth) was
deployed during outplants in spring 2006 and 2007 and fall
2007 and 2008. Despite similar surface magnitudes, currents
at this shallower site exhibited high-frequency reversals,
resulting in seasonal differences in mean alongshore currents
between spring and fall that are lower by about a factor of3 (spring: v =5:5 cm=s; jvj=20:5 cm=s,
fall: v = 2 1:1 cm=s; jvj=17:5 cm=s).
There is a significant correlation
(p < 0.05) between alongshore currents
at the 100 m site and the 32 m site
(r = 0.38), particularly in the subtidal
frequencies (r = 0.69). However, currents
nearer to shore are likely influenced by
the highly variable shoreline topography,
as well as bottom bathymetry, in
this region, where submarine canyons,
headlands, and bays are common. This
tends to introduce a certain degree of
high-frequency, high-magnitude ‘‘noise’’
over the lower-frequency, wind-driven
seasonal trends. Currents at the bottom
and mid depths did not show seasonal
trends at ADCP-2, where the mean
alongshore velocity averaged 62 cm/s
and current magnitudes averaged
between 4 and 5 cm/s (bottom) and 5
and 10 cm/s (mid depths).In using acoustic Doppler current profiler (ADCP) currents to
give a rough projection of possible passive dispersal
distances, we must include the caveat that they are Eulerian
measurements anddo not track particles like amodel flow field
might. Distanceswere calculated over a full range of depths for
all possible 14-day PLDs within each study period that could
result in 1- to 2-week-old recruits at the time of sample collec-
tion (subject to ADCP data availability; Figures S3 and S4). The
mean transport distances over all study periods are 91 km
(surface), 55 km (mid depth), and 12 km (bottom), using veloc-
ities fromPoint Loma’s100msite (TableS5) andvelocities of 92
km (surface), 20 km (mid depth), and 25 km (bottom) for the La
Jolla 32 m site. These projections assume passive transport,
uniform currents equal to those at the ADCP site over the entire
study area, and confinement of larvae to a single depth layer.
Larval behavior (vertical migration) and vertical mixing within
the water columnwould also have a significant effect on actual
distances. See Tables S5 and S6 for current velocities, current
magnitudes, and mean net displacement for currents at each
ADCP, time period, and depth.
When outplanted simultaneously, recruits of both mytilid
species had similar patterns of connectivity. Despite this simi-
larity, differences in the timing of reproduction result in nearly
opposite source-sink dynamics. Thus, static reserve designs
involving only the North or South County would not protect
the dominant sources of recruits for both species.
These two congeneric species have overlapping but
different adult distributions (front bay versus open coast) and
Table 1. Percentage Contribution of all 17 Sites to All Recruits Analyzed in the Local-Scale Discrimination Function Analyses
Site
DP OH+OP AH+AL CR DR LJ PB CP+DL OB CB SI+HI+CO IB
M. californianus
Standardized overall
contribution (%)
15.4 6.2 24.2 2.0 5.1 12.9 3.6 7.0 5.1 18.4
Adult cover (%) 36.9 10.3 1.2 0.5 17.0 1.3 15.0 15.3 2.4
M. galloprovincialis
Standardized overall
contribution (%)
3.7 33.8 19.9 1.7 0.2 4.8 2.8 7.4 4.5 1.3 10.2 9.9
Adult cover (%) 11.8 28.7 <0.1 <0.1 0.4 <0.1 2.3 0.4 <0.1 56.3 0.1
Empty cells denote that the site was not a potential source. Standardized overall contributions are the sum of all outplants, standardized by the number of
times the site was available. Sites in close proximity to each other (<2 km) or in the same baywere combined in the summary statistics. Adult cover estimates
the percentage of all adults located at that site or nearby. Site abbreviations are Dana Point (DP), Oceanside Harbor (OH), Oceanside Pier (OP), Agua
Hedionda (AH), AguaHedionda Lagoon (AL), Cardiff Reef (CR), Dike Rock (DR), La Jolla (LJ), Pacific Beach (PB), Crown Point (CP), Dana Landing (DL), Ocean
Beach (OB), Cabrillo (CB), Shelter Island (SI), Harbor Island (HI), Coronado (CO), and Imperial Beach (IB). See Table S4 for outplant-specific site
contributions.
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1929life histories (PLD), with the potential to affect population
connectivity. The primarily bay-dwelling M. galloprovincialis
had a higher percentage of regional self-recruits (w42%)
than its open-coast counterpart (w28%), as expected if the
bay-ocean interface acts to retain larvae. This species’ bay
distribution and closer relationship between adult cover and
the production of successful recruits provide corroborative
evidence that self-recruitment is more important to the
replenishment of M. galloprovincialis populations than to
M. californianus. Despite the longer estimated PLD ofM. gallo-
provincialis (see Supplemental Experimental Procedures), the
negligible difference in the mean dispersal distance between
the open-coast species (34.9 km) and the bay species
(37.0 km) likely comes from increased within-bay retention of
M. galloprovincialis prior to open-coast dispersal. Mean
dispersal distances ofw30 km are similar to those estimated
by Gilg and Hilbish [14] for mytilid mussels in the British Isles.
Adult cover estimates were poor predictors of recruit
production for M. californianus. In North County, for instance,
the Oceanside area produced a much lower proportion of the
region’s successful recruits thanpredictedbyadult cover there
(Table 1). In light of the fall northward dispersal we detected in
this study,Oceansideadults, locatedon thenorthern endof our
study area,may have produced settlers toOrangeCounty sites
we did not monitor. A long stretch of unsuitable coastline
(w40 km) to the north of Oceanside, however, may restrict
this site’s recruit contribution. The fact that Imperial Beach,
at the southern end of the study area, had proportionally
more successful recruits assigned there than expected is
also potentially due to this south-to-north flow.
Adult cover and recruit productionweremore closely related
for the spring-spawning M. galloprovincialis, although only in
rank order. North County sites, which included anM. gallopro-
vincialis aquaculture operation, had w40% of the county’s
adult cover and produced w54% of the successful recruits
(Table 1). The lack of major production from San Diego Bay,
where w56% of the county’s adult cover is located but only
w10%of recruitswere produced,maybe related to its location
at the southern end of the study area. Also, the Southern Cali-
fornia distribution ofM. galloprovincialis in semienclosed habi-
tats may restrict its ability to supply recruits outside of the bay
mouth, in contrast with its distribution in more open bays in
other parts of the world. Lastly, recruits assigned to nearby
open-coast sources of M. galloprovincialis may have actuallyoriginated in the bay. The three open-coast sites near the
mouth of San Diego Bay had only w0.5% of the county adult
cover but produced w16% of the recruits. Elemental finger-
printing cannot resolve larvae produced in the mouth of the
bay that were quickly advected to the open coast before the
majority of early larval shell was formed. Indeed, the coincident
connectivity patterns inferred for both species indicate that
bay-produced larvae are advected out and experience the
same coastal current regimes asM. californianus.
California has recently undergone a major exercise to select
new coastal MPAs [15]. Current and proposed MPAs in San
Diego County would encompass 5 of the 17 sites studied
here (Figure 1), all dominated by the native M. californianus.
Although the exact boundaries are not yet fixed, these
reserves could protect w34% of the adult cover and w25%
of recent recruit production in the study area. Future demo-
graphic studies will allow us to examine the importance of
population connectivity to metapopulation persistence and
to model the possible effects of these MPAs.
This first multiyear study of larval connectivity allows for the
identification of seasonal consistencies not possible with
1-year studies. An important feature of the long-term approach
is the ability to compare population connectivity to local
surface currents over several years. Most dispersal modeling
efforts treat larvae as passive particles, usually with the
disclaimer that larval behaviors could create major discrep-
ancies between actual connectivity and model output [4]. For
both species tested here, the directionality and approximate
magnitude of the passive assumption was generally accurate,
concurring with previous observations of mytlid mussels in
South Africa [16]. During outplants for which an ADCPwas de-
ployed, in either season,w75% of all larvae that did not self-
recruit moved in the direction of the prevailing offshore surface
currents (ADCP-1).We did not observe any qualitative relation-
ship between low current velocities or current reversals and
the percentage of larvae that self-recruited during our study
periods. Despite general agreement between offshore
currents and directional connectivity, we caution against using
measured surface currents as proxies for dispersal without
prior validation. There are numerous mechanisms that most
likely moved the other w25% of mytilid larvae against the
measured currents, including mixing of larvae deeper in the
water column [17] or the observed discrepancies between
offshore and inshore current measurements.
Figure 3. Frequency of Current Direction Measured at Point Loma ADCP-1,
100 m Depth
The x and y axes represent the u (east-west) and v (north-south) compo-
nents of the current, respectively (u is positive for eastward flow, v is positive
for northward flow). Current directions and magnitudes with the highest
incidence are indicated by values on the red end of the color spectrum;
current directions andmagnitudes with the lowest occurrence are indicated
by the blue/violet end. Zero occurrences are in black.
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1930Within a season, the relatively consistent advective flow of
larvae observed here stands in contrast with the conclusions
of Siegel et al. [18], who simulated the stochastic nature of
larval connectivity using biophysical models. However, we
did observe significant interannual variation in strength of
advection (Table S1) and substantial ‘‘countercurrent’’ and
‘‘off-season’’ flow of larvae, contrary to the main advective
direction for both species. Integrated over entire spawning
seasons and many years, the resulting connectivity may
appear to be more diffusive than advective. Over even longer
timescales, the amount of exchange observed for both
species here is likely enough to prevent the emergence of pop-
ulation genetic structure at the 100 km scale, consistent with
observed homogeneity over longer geographic distances in
the genus Mytilus [19].
Although all relevant information should be considered
when extrapolating among species’ population connectivities,
this study demonstrates that similarities in timing of reproduc-
tionmay bemore important than other factors when predicting
the directional flow of larvae among subpopulations. One
aspect of this system that makes the phenology ofreproduction so important to dispersal is the seasonal reversal
of surface currents in the local ocean (current study, [20]].
This type of current regime is common in the marine environ-
ment, for example in the monsoon circulation of the Indian
Ocean [21].
Phenology is known to be sensitive to global climate change
[22]. Thus, reproductive timing today may not predict popula-
tion connectivity for marine reserve design in the future. In the
case of ourmodel species, reproductive timing is related to the
timing of sea water temperature change and the availability of
food (phytoplankton blooms), which have already begun to
shift in complex ways [23]. Planning for the future phenology
of target species is likely to be further complicated by simulta-
neous climate change impacts on other aspects of population
connectivity, such as coastal ocean circulation, suggesting
a need for marine reserves with flexible boundaries [24].
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, six tables, and four figures and can be found with this article online
at doi:10.1016/j.cub.2010.09.057.
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